In lieu of reliable scaling rules, hydraulic pump and motor manufacturers pay a high monetary and temporal price for attempting to expand their production lines by scaling their existing units to other sizes. The challenge is that the lubricating interfaces, which are the key elements in determining the performance of a positive displacement machine, are not easily scalable. This article includes an analysis of the size-dependence of these units with regard to the significant physical phenomena describing the behavior of their three most critical lubricating interfaces. These phenomena include the non-isothermal elastohydrodynamic effects in the fluid domain, and the heat transfer and thermal elastic deflection in the solid domain. The performance change due to size variation is found to be unavoidable and explained through fundamental physics. The results are demonstrated using a numerical fluid-structure-thermal interaction model over a wide range of unit sizes. Based on the findings, a guide to scaling swashplate-type axial piston machines such as to uphold their efficiency is proposed.
Introduction
From the electro-hydraulic actuator (EHA) system in aviation to the hydraulic shovel system in the mining industry, the size of swashplate-type axial piston machines varies from under one cc (cubic centimeter) to over a thousand cc. For manufacturers of hydraulic pumps and motors, this generates a demand for wide production lines spanning vastly different unit sizes. Even though axial piston machines of different sizes share the same working principle, finding rules for scaling an existing pump/motor design to a different size while retaining its efficiency has proven difficult.
Series of pumps and motors that differ in size but share the same design do exist in the axial piston machine categories. Designers and manufacturers found that the maximum shaft speed of the pumps and motors is restricted by viscous shear, which is generated by the relative sliding velocity in the tribological interfaces. Ivantysyn and Ivantysynova [1] suggested a relative speed of 3~5 m/s between the cylinder block and valve plate for any size of pumps and motors in the case of an open circuit, and twice the value for a closed circuit. Via this rule of thumb, well-designed units are often scaled to other sizes in order to extend the market range using the following scaling rule: λ = V V 0 1 3 n = n 0 ·λ −1 (1) where the linear scaling factor λ describes the linear dimensional ratio between the scaled and prescaled unit, and is also used to define the operating rotational speed of the scaled unit. For example, when scaling a unit by the linear scaling factor of two, the displacement volume V becomes eight times larger than the original one, and the operating speed n becomes half that of the original one. However, to achieve the pre-scaled performance in terms of the energy efficiency and the service lifetime, the required trial-and-error design process is both financially and temporally expensive.
The performance of a swashplate-type axial piston machine is determined by the sealing function and the bearing function of its three lubricating interfaces: the piston/cylinder interface, the cylinder block/valve plate interface, and the slipper/swashplate interface, as shown in Figure 1 . Merritt [2] parameterized the energy efficiency of hydraulic pumps and motors through an empirical model, which uses the operating pressure and operating speed as input variables. However, the coefficients used in his model vary with different unit designs and unit sizes, and are therefore not scalable. The friction and leakage losses of the three major lubricating interfaces of such units were calculated analytically under the assumption of a rigid body and fixed gap height by Manring, Ivantysyn, and Ivantysynova [1, 3, 4] . On the basis of these analyses, their work also suggested an optimal gap height for these interfaces with regard to minimizing losses [1] . However, the scaling rule that was derived from these loss models is limited by its lack of accounting for fundamental physical phenomena, including the non-isothermal fluid properties, hydrodynamic effects, elastic deformations, heat transfer, and the interactions between all of the above. In order to find a more effective scaling rule for swashplate-type axial piston machines, a detailed model is required-one that allows for analyzing the performance of the three lubricating interfaces. The first numerical analysis of the piston/cylinder interface was presented by van der Kolk in 1972 [5] . In this model, the piston/cylinder interface is modeled as a tilt journal bearing. Ivantysynova [6] advanced the piston/cylinder interface model by considering the non-isothermal nature of the fluid. The piston/cylinder interface modeling approach then was further developed by taking into consideration piston micro-motion [7] , elastic deformation [8] , and solid body heat transfer [9, 10] . The simulation model was further improved and validated against measurements [11, 12] .
The cylinder block/valve plate interface has also been modeled numerically; groundwork toward this was done by Sartchenko [13] , who first studied the force balance condition in this interface, and Franco [14] , who first derived the hydrostatic pressure in the cylinder block/valve plate interface. Wieczorek and Ivantysynova first solved the force balance in the cylinder block/valve plate interface with the cylinder block micro-motion considered [7] . Recently, the elastic deformation and solid body heat transfer were added into the model [15, 16] . That model was then used to predict the temperature field in the valve plate, and was compared with a measured temperature distribution [17] . The comparison shows a good agreement between the measurement and the simulation. The first numerical analysis of the piston/cylinder interface was presented by van der Kolk in 1972 [5] . In this model, the piston/cylinder interface is modeled as a tilt journal bearing. Ivantysynova [6] advanced the piston/cylinder interface model by considering the non-isothermal nature of the fluid. The piston/cylinder interface modeling approach then was further developed by taking into consideration piston micro-motion [7] , elastic deformation [8] , and solid body heat transfer [9, 10] . The simulation model was further improved and validated against measurements [11, 12] .
The cylinder block/valve plate interface has also been modeled numerically; groundwork toward this was done by Sartchenko [13] , who first studied the force balance condition in this interface, and Franco [14] , who first derived the hydrostatic pressure in the cylinder block/valve plate interface. Wieczorek and Ivantysynova first solved the force balance in the cylinder block/valve plate interface with the cylinder block micro-motion considered [7] . Recently, the elastic deformation and solid body heat transfer were added into the model [15, 16] . That model was then used to predict the
Scaling of Swashplate-Type Axial Piston Machines
As the core component of fluid power systems, the swashplate-type axial piston machine converts the mechanical power to fluid power and vice versa, depending on its working mode. In the pumping mode, the shaft torque rotates the cylinder block against the opposing torque due to the pressure force in the displacement chambers, which is generated by the piston/slipper assembly through the use of an inclined swashplate. This allows the fluid to be displaced from the low-pressure input port to the high-pressure output port. In the motoring mode, the pressure force in the displacement chambers is applied to the inclined swashplate as a driving torque, thus driving the cylinder block, together with the shaft rotating against the torque load imposed on it.
Parameters that are pertinent to the kinematics of a swashplate-type axial piston machine are shown in Figure 2 . A global Cartesian coordinate system is used in Figure 2 ; its origin is at where the shaft axis crosses the virtual plane on which all the ball joint centers lie. The positive z-axis points along the shaft axis toward the swashplate, the positive y-axis points toward the outer dead center (ODC), and the positive x-direction is defined according to the right-hand rule. According to Ivantysyn and Ivantysynova [1] , the maximum stroke H K , i.e., the piston's maximum axial travel between the ODC (outer dead center) and the IDC (inner dead center) is dependent on the pitch diameter d B , and the swash plate angle β:
The piston stroke and the piston axial velocity are dependent not only on the pitch diameter d B and the swashplate angle β, but also on the piston angular position ϕ: 
Scaling of Lubricating Interfaces in Swashplate-Type Axial Piston Machines
There are three lubricating interfaces separating the sliding solid parts, as shown in Figure 1 . Namely, the piston/cylinder interface, the cylinder block/valve plate interface, and the slipper/swashplate interface. The total power loss of a swashplate-type axial piston machine is dominated by the energy dissipation due to the viscous shear of the working fluid in these three tribological interfaces, which happens in two forms.
•
The pressure difference across the gap pushes the fluid through the interface, generating fluid shear and energy dissipation. In this way, the energy dissipation has a positive correlation with gap height, as well as with the gap flow rate.
The relative motion of the solid boundaries of the lubricating gap causes the fluid to shear, and dissipates energy into heat. In this way, the energy dissipation has a negative correlation with gap height.
Unfortunately, due to the nature of these two opposing physical phenomena, a design that benefits one can be harmful to the other. According to Ivantysyn and Ivantysynova [1] , the energy efficiency of the three lubricating interfaces is determined by the power loss due to the leakage losses and friction losses. As described by Shang and Ivantysynova [27] , the power loss due to the leakage and friction in a parallel gap as shown in Figure 3a ,b yield:
To minimize the total power loss by varying the gap height:
When scaling the lubricating interfaces in the swashplate-type axial piston machines, by keeping the same sliding velocity as mentioned before, the gap height should be scaled as:
However, the gap height in the lubricating interfaces of these pumps and motors is determined by the force balance, the elastic deformation, and the position of the solid bodies bounding the three lubricating interfaces. Therefore, the gap height of the lubricating interface is not directly controllable through nominal design parameters, but rather is determined from a series of complicated fluidstructure and thermal interactions. 
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•
Unfortunately, due to the nature of these two opposing physical phenomena, a design that benefits one can be harmful to the other. According to Ivantysyn and Ivantysynova [1] , the energy efficiency of the three lubricating interfaces is determined by the power loss due to the leakage losses and friction losses. As described by Shang and Ivantysynova [27] , the power loss due to the leakage and friction in a parallel gap as shown in Figure 3a ,b yield: Not only are the three interfaces required to fulfill a sealing function; they also have a bearing function. The hydrostatic and hydrodynamic pressures generated in the gap have to bear the external load. A design failing to carry the load will result in unfavorable fluid film behavior, extreme gap heights, mixed or solid friction, or even damage to the parts. To minimize the total power loss by varying the gap height:
However, the gap height in the lubricating interfaces of these pumps and motors is determined by the force balance, the elastic deformation, and the position of the solid bodies bounding the three lubricating interfaces. Therefore, the gap height of the lubricating interface is not directly controllable through nominal design parameters, but rather is determined from a series of complicated fluid-structure and thermal interactions.
Not only are the three interfaces required to fulfill a sealing function; they also have a bearing function. The hydrostatic and hydrodynamic pressures generated in the gap have to bear the external load. A design failing to carry the load will result in unfavorable fluid film behavior, extreme gap heights, mixed or solid friction, or even damage to the parts.
The displacement chamber pressure force, which is parallel to the cylinder bore axis, can be decomposed into two forces. One is perpendicular to the swashplate, and is applied on the slipper socket as the main external load of the slipper/swashplate interface. This load is balanced by the fluid's hydrostatic and hydrodynamic pressure force in the slipper/swashplate lubricating gap. The other force component acts on the center of the piston ball joint, pointing in the y-direction and behaving as a bending moment. This is the main external load of the piston/cylinder interface, which is balanced by the hydrodynamic pressure distribution in the piston/cylinder interface. The displacement chamber pressure is applied in the other direction, on the cylinder block, pushing the cylinder block against the valve plate. The normal force due to the displacement chamber pressure, and the moments due to the displacement chamber pressure difference between the suction stroke and discharge stroke, are the main external loads of the cylinder block/valve plate interface, which is balanced hydrostatically and hydrodynamically.
The force balance between the external loads and the hydrostatic-hydrodynamic pressure field in the lubricating gaps is impossible to be calculated analytically due to the complicated motions and the irregular gap shapes caused by elastic deformation.
Therefore, in order to find a more effective scaling rule for swashplate axial piston machines, a detailed lubricating interface model that allows for an understanding of the fluid behavior in the lubricating gap is required. To simulate the behavior of the main interfaces of these units, this article draws on the fluid-structure-thermal interaction model for each of the described three interfaces.
Fluid-Structure-Thermal Interaction Model
The fluid-structure-thermal interface model for the piston/cylinder interface [9] , for cylinder block/valve plate interface [16] , and for slipper/swashplate interface [23] share a similar structure, as shown in Figure 4 . The pressure in the lubricating gap is calculated by solving the Reynolds equation in a discretized finite volume fluid grid from the pump kinematics, the shape and deformation of the lubricating gap surfaces, the fluid properties, and the normal squeeze motion. The fluid temperature is solved taking into account convection, conduction, and heat generation in the fluid. The pressure deformation is solved using an offline influence matrix method, assuming a linear relationship between the pressure and the deformation. The fluid pressure, fluid temperature, and the solid body pressure deformation is solved in an inner iterative loop, which is also called the fluid-structure interaction (FSI)
loop. This FSI loop is run until convergence for each time step. There are 360 time steps per revolution for the cylinder block/valve plate interface and the slipper/swashplate interface. There are 1500 time steps for each revolution in the piston/cylinder interface simulation. At the end of each revolution, the three-dimensional heat transfer model solves for the temperature distribution in the solid bodies. It is further used as a thermal load for the thermal elastic deformations. The resulting temperature field and thermal deformations are used in the FSI loop as boundary conditions. The outer iterative loop takes the thermal behavior of the solids into consideration. The simulation concludes when the outer FSTI loop converges.
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Size-Dependence of Physical Phenomena in Tribological Interfaces

Linear Scaling Method (Conventional Approach)
The tribological interfaces in an axial piston machine do not perform the same before and after linear scaling. Before explaining the reason, an example is given to demonstrate the performance difference of the three interfaces, scaled according to the linear scaling law. The linear scaling law scales the axial piston machine proportionally, such that the ratio of one design parameter to another is maintained. The operating speed is scaled to keep the relative sliding speed between the parts that form the tribological interfaces constant. For this example, a Sauer-Danfoss S90 75cc unit is selected as the baseline unit. This baseline is linearly scaled to two different sizes. The smaller one is scaled based on the linear factor λ of 0.5, and the bigger one is scaled based on the linear factor λ of 2. All three units have been simulated using the fluid-structure-thermal interaction model described in the previous section. The piston/cylinder interface fluid domain is discretized into 96,000 finite volumes; the cylinder block/valve plate interface fluid domain is discretized into 360,000 finite volumes; and the slipper/swashplate interface is discretized into 141,600 finite volumes. The meshes of the solid bodies are shown in Figure 5 , which indicates the mixed thermal boundaries in white and the Neumann thermal boundaries in red. As Table 1 shows, the biggest unit has a displacement volume that is 64 times larger than the smallest unit.
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Since A, B, and C share the same pressure, the same swashplate angle, and the same sliding velocity, the normalized energy dissipation, the normalized leakage flow rate, and the normalized torque loss of these three cases are comparable for each of the lubricating interfaces. The normalized energy dissipation uses the theoretical output power as reference, the normalized leakage flow rate uses the theoretical outlet flow rate as reference, and the normalized torque loss uses the theoretical input torque as reference. The power loss, the volumetric loss, and the torque loss represent the fluid behavior and the performance of each interface. Figures 5-7 show the simulated performance of the three lubricating interfaces using the previously described fluid-structure-thermal interaction model, which takes into consideration the non-isothermal fluid, as well as both pressure and thermal solid body deformation. Figure 6 shows the performance comparison of the piston/cylinder interface for A, B, and C. The normalized energy dissipation, normalized leakage flow, and normalized torque loss correspond to a single piston/cylinder interface. According to the simulation results, the normalized energy dissipation and the normalized torque loss for different unit sizes are relatively close (they differ by less than 20%). However, the normalized leakage exhibits significant size-dependence. To be exact, the piston/cylinder interface C produces more than twice the simulated normalized leakage compared to its smallest counterpart, A. Figure 7 shows the performance comparison of the cylinder block/valve plate interface of the three cases, A, B, and C. According to the results, the cylinder block/valve plate interface behaves very differently for different sizes. The larger unit produces more normalized leakage than the smaller ones, while the smaller unit produces more normalized torque loss than the larger ones. This results in a similar normalized energy dissipation between the mid-size B and large-size C, but a greater normalized power loss in the small unit A. In order to keep the sliding velocity the same, the rotational speed is scaled with the reciprocal of the linear factor λ. The sizes of the three units and their respective operating conditions are summarized in Table 1 , with the labels A, B, and C. These three sets of size/operating condition combinations are used repeatedly through this chapter.
Since A, B, and C share the same pressure, the same swashplate angle, and the same sliding velocity, the normalized energy dissipation, the normalized leakage flow rate, and the normalized torque loss of these three cases are comparable for each of the lubricating interfaces. The normalized energy dissipation uses the theoretical output power as reference, the normalized leakage flow rate uses the theoretical outlet flow rate as reference, and the normalized torque loss uses the theoretical input torque as reference. The power loss, the volumetric loss, and the torque loss represent the fluid behavior and the performance of each interface.
Figures 5-7 show the simulated performance of the three lubricating interfaces using the previously described fluid-structure-thermal interaction model, which takes into consideration the non-isothermal fluid, as well as both pressure and thermal solid body deformation. Figure 6 shows the performance comparison of the piston/cylinder interface for A, B, and C. The normalized energy dissipation, normalized leakage flow, and normalized torque loss correspond to a single piston/cylinder interface. According to the simulation results, the normalized energy dissipation and the normalized torque loss for different unit sizes are relatively close (they differ by less than 20%). However, the normalized leakage exhibits significant size-dependence. To be exact, the piston/cylinder interface C produces more than twice the simulated normalized leakage compared to its smallest counterpart, A. Figure 7 shows the performance comparison of the cylinder block/valve plate interface of the three cases, A, B, and C. According to the results, the cylinder block/valve plate interface behaves very differently for different sizes. The larger unit produces more normalized leakage than the smaller ones, while the smaller unit produces more normalized torque loss than the larger ones. This results in a similar normalized energy dissipation between the mid-size B and large-size C, but a greater normalized power loss in the small unit A. Figure 8 shows the normalized energy dissipation, normalized leakage, and the normalized torque loss for a single slipper/swashplate interface corresponding to each of the simulated unit sizes. According to the results, similar to the piston/cylinder interface and the cylinder block/valve plate interface, the large unit C produces more leakage than the smaller units. Furthermore, the smaller unit A produces more torque loss than the larger units. At the selected operating conditions simulated for the three units, the energy dissipation in the slipper/swashplate interface is dominated by viscous shear. Therefore, the energy dissipation shows similar trends to the torque loss. Figure 8 shows the normalized energy dissipation, normalized leakage, and the normalized torque loss for a single slipper/swashplate interface corresponding to each of the simulated unit sizes. According to the results, similar to the piston/cylinder interface and the cylinder block/valve plate interface, the large unit C produces more leakage than the smaller units. Furthermore, the smaller unit A produces more torque loss than the larger units. At the selected operating conditions simulated for the three units, the energy dissipation in the slipper/swashplate interface is dominated by viscous shear. Therefore, the energy dissipation shows similar trends to the torque loss. Figure 8 shows the normalized energy dissipation, normalized leakage, and the normalized torque loss for a single slipper/swashplate interface corresponding to each of the simulated unit sizes. According to the results, similar to the piston/cylinder interface and the cylinder block/valve plate interface, the large unit C produces more leakage than the smaller units. Furthermore, the smaller unit A produces more torque loss than the larger units. At the selected operating conditions simulated for the three units, the energy dissipation in the slipper/swashplate interface is dominated by viscous shear. Therefore, the energy dissipation shows similar trends to the torque loss. Figure 8 shows the normalized energy dissipation, normalized leakage, and the normalized torque loss for a single slipper/swashplate interface corresponding to each of the simulated unit sizes. According to the results, similar to the piston/cylinder interface and the cylinder block/valve plate interface, the large unit C produces more leakage than the smaller units. Furthermore, the smaller unit A produces more torque loss than the larger units. At the selected operating conditions simulated for the three units, the energy dissipation in the slipper/swashplate interface is dominated by viscous shear. Therefore, the energy dissipation shows similar trends to the torque loss. Comparing the results of the three differently sized units in Figures 6-8 demonstrates that the linearly scaled piston/cylinder interface, cylinder block/valve plate interface, and slipper/swashplate interface do not perform the same as their pre-scaled counterparts without design modifications. The Comparing the results of the three differently sized units in Figures 6-8 demonstrates that the linearly scaled piston/cylinder interface, cylinder block/valve plate interface, and slipper/swashplate interface do not perform the same as their pre-scaled counterparts without design modifications. The undesired size-dependence of the lubricating interface performance leads to the demand for an understanding of the physics behind the scaling process. In the following sections, the physical phenomena that contribute to the tribological performance of the three lubricating interfaces are studied independently.
Analysis of the Governing Equations Describing the Fundamental Physical Phenomena in Scaled Tribological Interfaces
The physical phenomena that are studied in this section include the viscous fluid pressure distribution (Reynolds equation), the elastic solid body deformation under both pressure and thermal loads, the heat dissipation and heat transfer in the fluid domain, and the heat transfer in the solid bodies. For each physical phenomenon, the governing equations are derived using scalable dimensions in order to examine their size-dependence.
Fluid Pressure Distribution
The Reynolds equation [29] , which is derived from the Navier-Stokes equation and the conservation of mass, is the fundamental governing equation of a compressible, Newtonian, laminar flow pressure distribution. A general form of the Reynolds equation of an arbitrary lubricating gap, e.g., the one shown in Figure 9 , can be written as:
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By applying Equation (9) to Equation (8), the Reynolds equation becomes:
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By applying Equation (9) to Equation (8) , the Reynolds equation becomes:
Comparing Equation (10) to Equation (8) , the remaining scaling factor makes the Reynolds equation size-dependent. Therefore, the pressure distribution in a linearly scaled lubricating gap is not able to retain the behavior of the gap in the pre-scaled unit.
Solid Body Elastic Deformation
The solid body elastic deformation due to the pressure and thermal loads also plays an essential role in the performance of the lubricating interface. The nodal displacement under the pressure and thermal load is determined using the principle of minimal potential energy. The total potential energy Π is the sum of the strain energy U and the applied load potential energy V:
where the applied load potential energy V is a function of the nodal force f E and the nodal displacement vector u:
and the strain energy U is a function of the elastic strain ε F , and the stress σ:
The relationship between the stress and the elastic strain can be expressed by the constitutive matrix C:
where the constitutive matrix C contains the isothermal elastic modulus E and the Poisson's ratio ν:
The matrix B expresses the strain as a function of the nodal displacement:
Combining Equations (13), (14), and (16):
The total potential energy then becomes:
According to the minimal potential energy principle, by setting the differential of the total potential energy with respect to the nodal displacement to zero, the elasticity equation is obtained: 
In order to examine the size-dependence of the solid body deformation under both pressure and thermal loading, the loading pressure distribution and temperature distribution is proportionally scaled in order to allow for a direct comparison of the effects of scaling across different unit sizes. Therefore, the nodal force vector due to the external load scales with area, which scales according to the second order of the linear scaling factor:
When using scalable dimensions, Equation (13) therefore becomes:
Again, scaling the pressure distribution assures that the stress remains the same, while the nodal displacement scales according to the linear scaling factor. Accordingly, Equation (22) becomes:
It can be seen from Equation (20) that the matrix B scales according to the reciprocal of the linear scaling factor:
The nodal forces vector due to thermally-induced stress then scales as:
The element stiffness matrix k scales as:
With scaling, the elasticity equation becomes:
Therefore, the resulting nodal displacement due to pressure and thermal loading is scaled based on the first order of the scaling factor:
In conclusion, the elastic deformation due to both the pressure and thermal loading is linearly scalable. The solid parts of the lubricating interfaces deform linearly with respect to the first-order linear scaling factor when the pressure and temperature distribution is kept consistent. Therefore, the elastic deformation principle itself does not cause any performance difference when scaling an axial piston machine.
To verify this conclusion, simulation cases A, B, and C are reconfigured in order to ensure that they remain comparable in terms of both the pressure and thermal loading. The temperature distribution is made identical for all three cases by turning off the solid body heat transfer model. Instead of solving the heat transfer problem, the solid body temperatures remain at their initial values. The heat transfer phenomenon is further discussed in future sections. However, from the conclusion of the Reynolds equation size dependence study associated with Equation (10), the pressure distribution is not able to maintain the same across cases A, B, and C when changing the size of the interface. In order to achieve a consistent pressure distribution that will allow for drawing the proper conclusions from this study, and also in order to verify the Reynolds equation size-dependence study, instead of using the same fluid viscosity in the three simulation cases, the fluid viscosity was set artificially with respect to the first order of the linear scaling factor:
With the viscosity as described by Equation (26), Equation (7) becomes:
In this way, the pressure distribution is maintained consistent. The inputs for simulation cases A, B, and C are then characterized as shown in Table 2 . Figure 10 shows a comparison of the normalized energy dissipation, the normalized leakage flow, and the normalized torque loss of a single piston/cylinder interface for the three simulation cases, A, B, and C. The fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and the solid body heat transfer models are turned off to maintain a consistent temperature distribution between cases. The figure shows that the normalized energy dissipation, the normalized leakage, and the normalized torque loss are very similar throughout the three simulation cases. The performance differences are less than 4%. 
In this way, the pressure distribution is maintained consistent. The inputs for simulation cases A, B, and C are then characterized as shown in Table 2 . Figure  10 shows a comparison of the normalized energy dissipation, the normalized leakage flow, and the normalized torque loss of a single piston/cylinder interface for the three simulation cases, A, B, and C. The fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and the solid body heat transfer models are turned off to maintain a consistent temperature distribution between cases. The figure shows that the normalized energy dissipation, the normalized leakage, and the normalized torque loss are very similar throughout the three simulation cases. The performance differences are less than 4%. Figure 11 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the cylinder block/valve plate interface simulation for cases A, B, and C. Again, the fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and the solid body heat transfer models are turned off to maintain a proportionally identical temperature distribution. Similar to the piston/cylinder interface comparison results, the cylinder block/valve plate interface results show that the interface performs very similarly for the three simulated unit sizes. Figure 11 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the cylinder block/valve plate interface simulation for cases A, B, and C. Again, the fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and the solid body heat transfer models are turned off to maintain a proportionally identical temperature distribution. Similar to the piston/cylinder interface comparison results, the cylinder block/valve plate interface results show that the interface performs very similarly for the three simulated unit sizes. Figure 12 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper swashplate interface simulation for cases A, B, and C. As was done for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and solid body heat transfer models are turned off to maintain the temperature distribution consistent. The normalized energy dissipation and normalized torque loss are almost identical for the different sizes that are simulated. The normalized leakages from the three cases are also very close to each other.
The simulation results in Figures 10-12 validate all of the conclusions in the Reynolds equation size-dependence study and the elastic deformation size-dependence study. In summary, without the consideration of heat transfer, the scaled axial piston machine is able to achieve the same performance as the pre-scaled unit with a different fluid viscosity. 
Multi-Domain Heat Transfer
To investigate the size-dependence of the multi-domain heat transfer, the simulation cases A, B, and C, as shown in Table 2 , are rerun with both the fluid domain heat transfer model and the solid domain heat transfer model turned on. Figure 13 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of a single piston/cylinder interface for the three simulation cases A, B, and C, again with the fluid viscosity artificially scaled with the linear scaling factor. Also considered in these simulations are the elastic solid body deformations due to the pressure and thermal loads. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid body temperature distribution is calculated from a three-dimensional Figure 12 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper swashplate interface simulation for cases A, B, and C. As was done for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and solid body heat transfer models are turned off to maintain the temperature distribution consistent. The normalized energy dissipation and normalized torque loss are almost identical for the different sizes that are simulated. The normalized leakages from the three cases are also very close to each other. Figure 12 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper swashplate interface simulation for cases A, B, and C. As was done for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid viscosity is artificially scaled with the linear scaling factor, and the fluid and solid body heat transfer models are turned off to maintain the temperature distribution consistent. The normalized energy dissipation and normalized torque loss are almost identical for the different sizes that are simulated. The normalized leakages from the three cases are also very close to each other.
To investigate the size-dependence of the multi-domain heat transfer, the simulation cases A, B, and C, as shown in Table 2 , are rerun with both the fluid domain heat transfer model and the solid domain heat transfer model turned on. Figure 13 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of a single piston/cylinder interface for the three simulation cases A, B, and C, again with the fluid viscosity artificially scaled with the linear scaling factor. Also considered in these simulations are the elastic solid body deformations due to the pressure and thermal loads. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid body temperature distribution is calculated from a three-dimensional The simulation results in Figures 10-12 validate all of the conclusions in the Reynolds equation size-dependence study and the elastic deformation size-dependence study. In summary, without the consideration of heat transfer, the scaled axial piston machine is able to achieve the same performance as the pre-scaled unit with a different fluid viscosity.
To investigate the size-dependence of the multi-domain heat transfer, the simulation cases A, B, and C, as shown in Table 2 , are rerun with both the fluid domain heat transfer model and the solid domain heat transfer model turned on. Figure 13 shows a comparison of the normalized energy dissipation, the normalized leakage, and the normalized torque loss of a single piston/cylinder interface for the three simulation cases A, B, and C, again with the fluid viscosity artificially scaled with the linear scaling factor. Also considered in these simulations are the elastic solid body deformations due to the pressure and thermal loads. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid body temperature distribution is calculated from a three-dimensional solid body heat transfer model. In comparison to Figure 10 , the piston/cylinder interface shows much more variation across the different sizes in Figure 13 . solid body heat transfer model. In comparison to Figure 10 , the piston/cylinder interface shows much more variation across the different sizes in Figure 13 . Figure 14 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the cylinder block/valve plate interface for cases A, B, and C, again with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The figure shows that the normalized energy dissipation remains at roughly the same level for all three cases, but the normalized leakage and the normalized torque loss have major differences across the different unit sizes. Figure 15 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper/swashplate interface for the three simulated cases, A, B, and C, with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. Just as for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The different size slipper/swashplate interfaces behave very similarly, even with the heat transfer model turned on.
To further investigate the size-dependence of the thermal behavior of the three lubricating interfaces, the resulting solid body temperature distributions of the piston, cylinder block, and the slipper are studied. In order to compare the solid body temperature distributions between the different sizes, the solid parts are stretched to the same size, as illustrated in Figure 16 . Figure 14 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the cylinder block/valve plate interface for cases A, B, and C, again with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The figure shows that the normalized energy dissipation remains at roughly the same level for all three cases, but the normalized leakage and the normalized torque loss have major differences across the different unit sizes. solid body heat transfer model. In comparison to Figure 10 , the piston/cylinder interface shows much more variation across the different sizes in Figure 13 . Figure 14 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the cylinder block/valve plate interface for cases A, B, and C, again with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. The fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The figure shows that the normalized energy dissipation remains at roughly the same level for all three cases, but the normalized leakage and the normalized torque loss have major differences across the different unit sizes. Figure 15 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper/swashplate interface for the three simulated cases, A, B, and C, with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. Just as for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The different size slipper/swashplate interfaces behave very similarly, even with the heat transfer model turned on.
To further investigate the size-dependence of the thermal behavior of the three lubricating interfaces, the resulting solid body temperature distributions of the piston, cylinder block, and the slipper are studied. In order to compare the solid body temperature distributions between the different sizes, the solid parts are stretched to the same size, as illustrated in Figure 16 . Figure 15 compares the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the slipper/swashplate interface for the three simulated cases, A, B, and C, with the fluid viscosity artificially scaled, and with both the fluid and the solid heat transfer models turned on. Just as for the piston/cylinder interface and the cylinder block/valve plate interface, the fluid temperature distribution is calculated from a three-dimensional fluid heat transfer model, and the solid temperature distribution is calculated from a three-dimensional solid body heat transfer model. The different size slipper/swashplate interfaces behave very similarly, even with the heat transfer model turned on.
To further investigate the size-dependence of the thermal behavior of the three lubricating interfaces, the resulting solid body temperature distributions of the piston, cylinder block, and the slipper are studied. In order to compare the solid body temperature distributions between the different sizes, the solid parts are stretched to the same size, as illustrated in Figure 16 . Figure 17 shows the piston temperature distributions of cases A, B, and C. Clearly, the piston solid body temperature distributes differently over the three sizes. The temperature distribution of the larger unit shows more variation than its smaller counterpart. Figure 18 shows the cylinder block temperature distribution of cases A, B, and C. The cylinder block solid body temperature distribution also shows more variation for the larger size. Figure 19 shows the slipper temperature distribution of cases A, B, and C. Similar to the piston and the cylinder block solid body temperatures, the slipper solid body temperature also shows more variation for the larger size. However, unlike the piston and the cylinder block, the slipper solid body thermal deformation under the temperature distributions that are shown in Figure 19 enlarges the solid body proportionally. The surface deflection due to thermal load has rather a limited impact on the fluid film behavior in the slipper/swashplate interface. Therefore, comparing Figures 8, 12 , and 15, even though the thermal behavior is size-dependent, the slipper/swashplate interface sizedependence is mainly determined by the pressure distribution.
In order to understand the solid body temperature distribution, the fluid temperature distribution must be solved first. The energy equation that describes the convective-diffusive effects in the fluid domain is used to solve for the fluid temperature distribution:
where the diffusion coefficient is:
and the source term S is: Figure 17 shows the piston temperature distributions of cases A, B, and C. Clearly, the piston solid body temperature distributes differently over the three sizes. The temperature distribution of the larger unit shows more variation than its smaller counterpart. Figure 18 shows the cylinder block temperature distribution of cases A, B, and C. The cylinder block solid body temperature distribution also shows more variation for the larger size. Figure 19 shows the slipper temperature distribution of cases A, B, and C. Similar to the piston and the cylinder block solid body temperatures, the slipper solid body temperature also shows more variation for the larger size. However, unlike the piston and the cylinder block, the slipper solid body thermal deformation under the temperature distributions that are shown in Figure 19 enlarges the solid body proportionally. The surface deflection due to thermal load has rather a limited impact on the fluid film behavior in the slipper/swashplate interface. Therefore, comparing Figures 8, 12 , and 15, even though the thermal behavior is size-dependent, the slipper/swashplate interface sizedependence is mainly determined by the pressure distribution.
and the source term S is: Figure 17 shows the piston temperature distributions of cases A, B, and C. Clearly, the piston solid body temperature distributes differently over the three sizes. The temperature distribution of the larger unit shows more variation than its smaller counterpart. 
With scalable dimensions, the source term S becomes:
Then, the energy equation for the scaled fluid domain yields:
By comparing Equations (34) and (36), it can be concluded that the temperature distribution in the fluid domain is not linearly scalable. Figure 18 shows the cylinder block temperature distribution of cases A, B, and C. The cylinder block solid body temperature distribution also shows more variation for the larger size. Figure 19 shows the slipper temperature distribution of cases A, B, and C. Similar to the piston and the cylinder block solid body temperatures, the slipper solid body temperature also shows more variation for the larger size. However, unlike the piston and the cylinder block, the slipper solid body thermal deformation under the temperature distributions that are shown in Figure 19 enlarges the solid body proportionally. The surface deflection due to thermal load has rather a limited impact on the fluid film behavior in the slipper/swashplate interface. Therefore, comparing Figure 8 , Figure 12 , and Figure 15 , even though the thermal behavior is size-dependent, the slipper/swashplate interface size-dependence is mainly determined by the pressure distribution. In order to understand the solid body temperature distribution, the fluid temperature distribution must be solved first. The energy equation that describes the convective-diffusive effects in the fluid domain is used to solve for the fluid temperature distribution:
and the source term S is:
Integrating the energy equation over a volume and applying the divergence theorem:
By comparing Equations (34) and (36), it can be concluded that the temperature distribution in the fluid domain is not linearly scalable. The governing energy equation for the three-dimensional heat transfer problem is commonly written as the sum of the convective part and the conductive part:
For a control volume, the energy equation yields:
There are two types of convection boundaries commonly applied to the solid body surfaces:
• Neumann condition:
• Mixed condition:
The Neumann condition is applied to the running surfaces of the lubricating interface, where the heat flux into each of the solid parts adjacent to the fluid can be calculated as the energy dissipation, minus the energy taken away with the passing flow. The mixed condition is applied on the surfaces where the temperature of the surrounding environment is constant. The heat flux of the mixed condition can be calculated using the solid body surface temperature, the temperature of the surrounding environment, and a heat transfer coefficient.
The conductive part of the energy equation yields:
When use scalable dimensions, the Neumann-type convection boundary becomes:
The mixed-type convection boundary becomes:
The conductive term of the energy equation scales as:
Equations (42)- (44) show that the scaled solid body parts will result in a different dimensional heat transfer performance than when using linear scaling.
So far, the analytical investigation of the temperature distribution in both the fluid domain and the solid domain proved that the thermal characteristic of the lubricating interface is not scalable. For the purposes of scientific research, the artificial size-dependent viscosity in Equation (29) was used in Equation (45): Then, the energy equation for the scaled fluid domain yields:
To keep the temperature distribution consistent in the scaled fluid domain, the temperature and the temperature gradient scale as:
Equation (46) then becomes:
Equation (48) shows that consistency in the temperature distribution can be achieved if the fluid is not only given the viscosity of Equation (29), but also the following fluid diffusion coefficient:
A similar approach can be used for the three-dimensional solid body heat transfer analysis. Applying Equation (29) to Equation (42):
Then, together with Equation (43), the convective term of the energy equation scales as:
Substituting Equations (41) and (51) into Equation (38):
The consistency of the temperature distribution in the scaled solid domain can be achieved if the solid part's conductivity scales with the first-order linear scaling factor:
In order to verify the analysis for the temperature distribution in the fluid and solid domains, the simulation cases A, B, and C are reconfigured to reflect Equations (29), (49), and (53). Since the fluid diffusion coefficient is a function of fluid conductivity κ f luid and the fluid heat capacity c p , in this study, the fluid conductivity was changed with the linear scaling factor, while the heat capacity remained the same. The simulation inputs for cases A, B, and C become those shown in Table 3 . Figures 19-21 show the simulated temperature distribution of the piston, the cylinder block, and the slipper using the artificially scaled fluid viscosity, fluid conductivity, and solid body conductivity, as specified in Table 3 . The simulations are conducted with all of the fluid and structure physical phenomena, including heat transfer in the fluid and solid domains. Comparing Figures 19-21 to Figures 16-18 , it can be observed that the solid body heat transfer is no longer size-dependent when the fluid viscosity, and the fluid and solid conductivities, are artificially scaled with the unit size. Figures 22-24 show the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the piston/cylinder interface, the cylinder block/valve plate interface, and the slipper/swashplate interface from the simulations A, B, and C, as shown in Table 3 .
According to Figure 23 , the normalized energy dissipation and normalized torque loss of the piston/cylinder interface from cases A, B, and C are almost identical for the unit sizes, which differ in size by a factor of 64 from the smallest to the largest. The normalized leakages, even though they are not identical, are very close to each other. Figure 24 shows that the cylinder block/valve plate interfaces of cases A, B, and C behave very similarly. Both the magnitude and the shape of the normalized energy dissipation, the normalized leakage, and the normalized torque loss are very close to each other across the different sizes. Figures 22-24 show the normalized energy dissipation, the normalized leakage, and the normalized torque loss of the piston/cylinder interface, the cylinder block/valve plate interface, and the slipper/swashplate interface from the simulations A, B, and C, as shown in Table 3 .
According to Figure 23 , the normalized energy dissipation and normalized torque loss of the piston/cylinder interface from cases A, B, and C are almost identical for the unit sizes, which differ in size by a factor of 64 from the smallest to the largest. The normalized leakages, even though they are not identical, are very close to each other. Figure 24 shows that the cylinder block/valve plate interfaces of cases A, B, and C behave very similarly. Both the magnitude and the shape of the normalized energy dissipation, the normalized leakage, and the normalized torque loss are very close to each other across the different sizes.
Similar to the piston/cylinder interface, Figure 25 shows that the normalized energy dissipation and normalized torque loss of slipper/swashplate interfaces from cases A, B, and C are almost identical. The normalized leakages, even though are not identical, are very close to each other. Similar to the piston/cylinder interface, Figure 25 shows that the normalized energy dissipation and normalized torque loss of slipper/swashplate interfaces from cases A, B, and C are almost identical. The normalized leakages, even though are not identical, are very close to each other. Similar to the piston/cylinder interface, Figure 25 shows that the normalized energy dissipation and normalized torque loss of slipper/swashplate interfaces from cases A, B, and C are almost identical. The normalized leakages, even though are not identical, are very close to each other. Similar to the piston/cylinder interface, Figure 25 shows that the normalized energy dissipation and normalized torque loss of slipper/swashplate interfaces from cases A, B, and C are almost identical. The normalized leakages, even though are not identical, are very close to each other. Figures [19] [20] [21] [22] [23] [24] show that the size-dependence of the performance of the axial piston machine can be eliminated by artificially scaling the fluid viscosity, the fluid conductivity, and the solid conductivity. The reason that the common practice, which is to proportionally scale an axial piston machine design to larger or smaller sizes, cannot achieve the pre-scaled performance can be found in show that the size-dependence of the performance of the axial piston machine can be eliminated by artificially scaling the fluid viscosity, the fluid conductivity, and the solid conductivity. The reason that the common practice, which is to proportionally scale an axial piston machine design to larger or smaller sizes, cannot achieve the pre-scaled performance can be found in the presented analysis and simulation studies, which show the size-dependent pressure distribution and the size-dependent multi-domain heat transfer.
Findings and Scaling Guides
According to Figures 5-7 , by proportionally scaling the axial piston machine, the performance of the three lubricating interfaces does not match the pre-scaled one, which agrees with the result published before [27, 28] . The reasons that were found through the analysis and demonstrated through the simulation are that:
• Pressure distribution and heat transfer in both the fluid domain and the solid domain are the only contributions to the size-dependence of the axial piston machine's lubricating interface performance.
•
As long as the pressure distribution and temperature distribution are proportionally scaled, the deformation due to the pressure and thermal load stays constant, and therefore does not contribute to the size-dependence of the lubricating interface performance.
From the analysis conducted, it is also can be found that: From the findings of the analysis and simulation studies, the following scaling guide for all three lubricating interfaces emerges:
• When scaling a swashplate-type axial piston machine to a different size, the size-dependent pressure distribution-induced performance bias can be eliminated by using hydraulic fluid at a different viscosity grade.
Use higher viscosity for up-scaling. Use lower viscosity for down-scaling. Choose the viscosity based on the linear scaling factor as in Equation (1).
• The viscosity of the fluid can also be controlled by:
Increasing operating temperature for down-scaling Decreasing operating temperature for up-scaling.
• When using a fluid of different viscosity is not feasible, design modifications should compensate for the size-dependent sealing function of the scaled lubricating interfaces:
For the piston/cylinder interface, use a lower normalized clearance for up-scaling, and use a higher normalized clearance for down-scaling [28] . For the cylinder block/valve plate interface, increase the sealing land area for up-scaling, and decrease the sealing land area for down-scaling [27] . For the slipper/swashplate interface, increase the sealing land area for up-scaling, and decrease the sealing land area for down-scaling.
• To compensate for the size-dependent heat transfer, the design of the lubricating interfaces needs to be modified:
When up-scaling, the lubricating interface design should be modified in order to increase the cooling performance of the lubricating gap, e.g., adding a flow channel beneath the valve plate to smooth the temperature distribution. When down-scaling, the lubricating interface design should be modified to create more thermal deformation, e.g., by using a bi-material solid body [30] .
Even though the simulation studies that were shown pertain to the fluid-structure and thermal interaction model for all three lubricating interfaces in a swashplate-type axial piston machine, the analytical study is not limited to a single type of hydraulic pump. The findings will hold true for not only the tribological interfaces in axial piston machines, radial piston machines, internal and external gear pumps and motors, gerotors, and vane pumps, but also for all the thermal elastohydrodynamic tribological interfaces in bearings and seals.
Conclusions
This paper presented an analytical study of the size-dependence of thermal elastohydrodynamic tribological interfaces. The physical phenomena that were studied include the hydrostatic and hydrodynamic pressure distributions, the heat transfer and heat generation in the fluid film, the heat transfer in the solid domain, and the solid body deformation due to both the pressure loading and the thermal loading.
The analysis finds that the performance change due to size variation is unavoidable. The findings indicates that the pressure distribution in the lubricating gap, and the heat transfer in the fluid and in the solid bodies are the only size-dependent physical phenomena; therefore, they are the only contributors to the performance change of the thermal elastohydrodynamic tribological interfaces in response to scaling.
A state-of-the-art fluid-structure-thermal interaction model for the three lubricating interfaces in swashplate-type axial piston machines was used to demonstrate the consequences of the analytical study. Three different pump sizes were modeled in a series of simulation studies, the largest of which was 64 times bigger than the smallest. These simulation studies verified the findings of the analysis, and allowed for the creation of a general guide to scaling aimed at maintaining the efficiency of the original unit. This scaling guide enables pump manufacturers to apply the developed scaling laws, and efficiently generate scaled pump designs of much higher efficiency than that allowed for by the traditional approach of linear scaling.
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